Peripherally conditioned sensory neurons have an increased capacity to regenerate their central processes. However, even conditioned axons struggle in the presence of a hostile CNS environment. We hypothesized that combining an aggressive conditioning strategy with modification of inhibitory reactive astroglial-associated extracellular matrix could enhance regeneration. We screened potential treatments using a model of the dorsal root entry zone (DREZ). In this assay, a gradient of inhibitory chondroitin sulfate proteoglycans (CSPGs) stimulates formation of dystrophic end bulbs on adult sensory axons, which mimics regeneration failure in vivo. Combining inflammation-induced preconditioning of dorsal root ganglia in vivo before harvest, with chondroitinase ABC (ChABC) digestion of proteoglycans in vitro allows for significant regeneration across a once potently inhibitory substrate. We then assessed regeneration through the DREZ after root crush in adult rats receiving the combination treatment, ChABC, or zymosan pretreatment alone or no treatment. Regeneration was never observed in untreated animals, and only minimal regeneration occurred in the ChABC-and zymosanalone groups. However, remarkable regeneration was observed in a majority of animals that received the combination treatment. Regenerated fibers established functional synapses, as demonstrated electrophysiologically by the presence of an H-reflex. Two different postlesion treatment paradigms in which the timing of both zymosan and ChABC administration were varied after injury were ineffective in promoting regeneration. Therefore, zymosan pretreatment, but not posttreatment, of the sensory ganglia, combined with ChABC modification of CSPGs, resulted in robust and functional regeneration of sensory axons through the DREZ after root injury.
Introduction
Several factors contribute to regeneration failure in the injured CNS. Inhibitory chondroitin sulfate proteoglycans (CSPGs) in the forming scar (McKeon et al., 1995; Pasterkamp et al., 1999; Bundesen et al., 2003; Jones et al., 2003; Goldshmit et al., 2004; Silver and Miller 2004) and throughout the perineuronal net (Lander et al., 1998; Berardi et al., 2004; Miyata et al., 2004) , growth cone collapsing myelin products (Schnell and Schwab, 1993; 2001; Wang et al., 2002) , and a lack of environmental trophic (Tuszynski, 1999; Jin et al., 2002) or tropic (Grimpe et al., 2002 ) support all negatively impact axonal regrowth. Furthermore, adult neurons decline in their intrinsic ability to elaborate axons (Goldberg et al., 2002; Verma et al., 2005) . To permit effective axonal regeneration, it is likely that all of these barriers will have to be overcome in concert.
Indeed, growing evidence suggests that stimulation of the inherent capacity for axonal elongation needs to be coupled with a method for decreasing critical extrinsic barriers, or the ability of axons to respond to them, to generate more optimal regeneration. Thus, Tropea et al. (2003) demonstrated that the regeneration potential of retinal ganglion cell axons in the tectum can be enhanced by combining intraocular neurotrophic support with chondroitinase ABC (ChABC) modification of inhibitory CSPGs within the midbrain perineuronal net. Reducing Nogo signaling (Fischer et al., 2004a) or inactivating RhoA (Fischer et al., 2004b) combined with inflammation-induced stimulation of the intrinsic growth program of the retinal ganglion cells significantly promoted regeneration of axons in the crushed optic nerve. In the lesioned spinal cord, augmenting cAMP levels (Qiu et al., 2002; Pearse et al., 2004) , locally increasing neurotrophin levels distal to the lesion (Lu et al., 2004) , or modifying the scar with ChABC (Fouad et al., 2005) together with the use of growth-promoting ensheathing glia (Fouad et al., 2005) , Schwann cells (Pearse et al., 2004) , or bone marrow-derived stromal cells to bridge the lesion (Lu et al., 2004) allows for axonal regrowth past the site of injury. The critical task that remains is to integrate strategies that work effectively in each of the many animal models of regeneration failure in hopes of applying them to the treatment of human CNS injury.
Previously, we developed an in vitro model of the glial scar in which CSPGs distributed in a gradient produce classic retraction end bulbs on adult sensory axons (Tom et al., 2004a; Kerschensteiner et al., 2005) . In the present study, we found that an intense, inflammation-induced preconditioning of the sensory neurons triggered by zymosan injection into the DRG (Fitch et al., 1999) coupled with in vitro ChABC digestion of the aggrecan substrate, results in substantial axon regeneration across the harsh environment of the gradient. We further show that the same treatment regimen results in anatomically dramatic and functionally effective sensory axon regeneration through the dorsal root entry zone (DREZ) in the adult rat. However, in this model of regeneration, lengthy preconditioning of the sensory neurons is critical.
Materials and Methods

In vitro analysis of neuronal process growth potential
Proteoglycan spot assay. Aggrecan/laminin spot gradient coverslips were prepared as described previously (Tom et al., 2004a) . Briefly, glass coverslips coated with poly-L-lysine and nitrocellulose were spotted with 2 l of a solution of aggrecan (0.7 mg/ml; Sigma, St. Louis, MO) and laminin (5 g/ml; Biomedical Technologies, Stoughton, MA) in calcium and magnesium-free HBSS (CMF) (Invitrogen, Gaithersburg, MD). The spots were allowed to air dry, and then the coverslips were coated with laminin (5 g/ml) in CMF and kept at 37°C for 3 h. Before DRG culture initiation, the laminin/CMF solution was removed. ChABC-treated coverslips were incubated in ChABC (0.5 U/ml; Seikagaku, Tokyo, Japan) in CMF for 3 h. The coverslips were washed once with Neurobasal-A (Invitrogen) before DRG culture initiation.
DRG dissociation. Adult DRGs were isolated according to a previous protocol (Davies et al., 1997) . Single-cell suspensions of DRG neurons were prepared from adult female Sprague Dawley rats (Zivic-Miller Laboratories, Zelienople, PA). The lumbar level 4 (L4), L5, and L6 DRGs were removed bilaterally and dissected free of rootlets and capsule. Suspensions were incubated in dispase/collagenase in CMF. Adult DRG neurons were rinsed several times in CMF with gentle trituration producing a single-cell suspension. After several low-speed spins, neurons were resuspended in Neurobasal-A/B27 (Invitrogen) and incubated on spot assay coverslips (2000 cells per coverslip), treated with and without ChABC, at 37°C (5% CO 2 , 95% humidity) for 5 d.
In vivo preconditioned DRG cultures. Adult female Sprague Dawley rats (275-300 g) were anesthetized by intraperitoneal injection of ketamine (100 mg/kg; Fort Dodge Animal Health, Fort Dodge, IA) and xylazine (2.4 mg/kg; Lloyd Laboratories, Shenandoah, IA). The L4, L5, and L6 DRGs were fully exposed bilaterally, and 1 l of saline, latex microspheres (a particulate concentration similar to zymosan; 3 m; Polysciences, Warrington, PA), dibutyryl cAMP (db-cAMP) (50 mM; Sigma), and zymosan (31 g/l; Molecular Probes, Eugene, OR) was injected into the left DRGs (all groups, n ϭ 8 animals). The injection was performed via a 5 l Hamilton syringe mounted on a Brinkman Instruments (Westbury, NY) Micromanipulator. The right-side DRGs served as untreated controls. After the microinjections, the muscle was closed in layers with 4 -0 suture, and the skin was closed with staples. The rats were kept warm until recovery from anesthesia. All animals received an intramuscular injection of penicillin-G immediately after surgery.
Additional animals (n ϭ 8) underwent conditioning lesions of the sciatic nerve. Adult female Sprague Dawley rats (275-300 g) were anesthetized as detailed above. A left thigh incision fully exposed the left sciatic nerve, proximal to the tibial/peroneal division. The exposed nerve was crushed twice using jeweler's forceps for 10 s each. The muscle was then closed in layers using 4 -0 sutures, and the skin was secured with staples. After 2 or 7 d, animals were killed, and the right (unconditioned) and left (conditioned) L4, L5, and L6 DRGs were removed and dissociated as detailed above. Single-cell suspensions (2000 cells per coverslip) in Neurobasal-A/B27 were cultured on the spot assay and allowed to incubate at 37°C (5% CO 2 , 95% humidity) for 5 d.
In vitro stimulation assay. Adult female Sprague Dawley rats (275-300 g) were killed via inhaled isofluorane (Baxter, Deerfield, IL). DRGs were removed and dissociated as described above. Single-cell suspensions (2000 cells per coverslip) in Neurobasal-A/B27 were plated on the spot assay and allowed to incubate at 37°C (5% CO 2 , 95% humidity) for 5 d with one of the following: 100 M 3-isobutyl-1-methylxanthine (IBMX) (Sigma), 200 M Rolipram (Sigma), 1 mM db-cAMP, 1 mM 8-bromocGMP (8-Br-cGMP) (Sigma), 50 ng/ml nerve growth factor (NGF) (Austral Biologicals, San Ramon, CA), 50 ng/ml neurotrophin-3 (NT-3) (Sigma), 15 mM Y-27632 (Calbiochem, La Jolla, CA), 1 M Gö6976 (Calbiochem), or 31 g/l zymosan.
Immunohistochemistry. After 5 d of culture in all conditions, coverslips were fixed in 4% paraformaldehyde (PFA), then washed in PBS, and blocked with 5% normal goat serum (Invitrogen), 0.1% bovine serum albumin (Sigma) with or without 0.1% Triton X-100 (Sigma) when appropriate. The coverslips were incubated overnight in primary antibody diluted in blocking solution, followed by appropriate secondary antibodies in blocking solution according to standard immunofluorescent methods. Monoclonal primary antibodies included anti ␤-tubulin-type III (1:400; Sigma), anti-S-100 (1:200; Sigma), anti-chondroitin sulfate (CS-56; 1:200; Sigma), anti-2-B-6 (1:200; Seikagaku, Rockville, MD), and ED-1 (1:250; Chemicon). Secondary antibodies used were conjugated to Alexa 594 or 488 (1:500; Molecular Probes). Coverslips were examined using a Leitz (Wetzlar, Germany) Orthoplan-2 fluorescence microscope.
Quantification of in vitro analyses
Axon crossing of the spot rim. Six representative digital images of spot rims immunostained for CS-56 and ␤-tubulin III were collected with a 10ϫ objective. Each image was standardized to include an exact proportion of area inside and outside of the spot rim using a template. The outer rim of the spot was identified, and an inner rim boundary was added at a predetermined distance from the outer rim, creating equal width rims on all images. All neuronal growth on either side of this rim was eliminated using Photoshop (Adobe Systems, San Jose, CA). Therefore, only growth within or through the rim of the spot was quantified. To eliminate background, the pixel area in each image above a set threshold was quantified (MetaMorph; Universal Imaging Corporation, West Chester, PA) representing neuronal process growth. Average threshold pixel densities were calculated per each treatment group and compared using one-way ANOVA, followed by Bonferroni's method of post hoc analysis.
Satellite glia. Coverslips were stained with S-100 to identify satellite glia/Schwann cells. The glia were quantified in the rim of the spot using the protocol described above. Average threshold pixel densities were calculated per each treatment group and compared using one-way ANOVA, followed by Tukey's method of post hoc analysis.
In vivo dorsal root entry zone model
Zymosan injection. Adult female Sprague Dawley rats (275-300 g; n ϭ 8 for zymosan pretreatment group and n ϭ 12 for combination treatment group) (supplemental Table 1 , available at www.jneurosci.org as supplemental material) were anesthetized as detailed above. Under aseptic technique, the cervical level 8 (C8) DRG and associated dorsal root were fully exposed. One microliter of zymosan (31 g/l) was injected into the DRG via a 5 l Hamilton syringe. We chose to use this particular ganglion for in vivo study because of its ease of identification, large size, and relatively short root. Care was taken to avoid excess trauma to the DRG. The injection was performed over 15 min, and the needle was left in place an additional 3 min before removal. The muscle was closed in layers, and the skin was closed with staples. Animals received an intramuscular injection of penicillin-G (600,000 U/ml; Monarch Pharmaceuticals, Bristol, TN) immediately after surgery and were given analgesics in their water. Animals received zymosan injections either 7 d before lesion or at predetermined times after lesion (see below).
Root injury and ChABC injection. Adult rats (n ϭ 12) in the ChABC treatment group (supplemental Table 1 , available at www.jneurosci.org as supplemental material) were anesthetized as above. In the combination treatment group, 7 d after zymosan injections, animals (n ϭ 12) were reanesthetized as detailed above. Under aseptic technique, the right C8 DRG and associated dorsal root were fully exposed. Using the surgical microscope, a small slit was made in the dura immediately caudal to the C8 dorsal root. The tines of a sturdy #3 jeweler's forceps were inserted above and below the root, and the root was crushed, halfway between the dorsal root entry zone and DRG (ϳ5 mm from the DREZ and DRG) for 10 s. The crush was repeated twice more. A complete injury was confirmed by directly visualizing a clearing of the root at the crush site. Immediately after the crush, 1 l of ChABC (20 U/ml) was injected at the rostral and caudal extent of the DREZ. The injection was performed via a pulled glass pipette (outer diameter, ϳ60 -70 m) attached to a Nanoject II (Drummond Scientific, Broomall, PA). The injection was performed over 20 min, and the pipette was left in place an additional 3 min before removal. A small piece of gel film was placed over the dorsal root and DREZ after the injection. The muscle was closed in layers, and the skin was closed with staples. Animals received an intramuscular injection of penicillin-G immediately after surgery and were given analgesics in their water.
Postlesion treatment. Two different postlesion treatment paradigms were examined (supplemental Table 1 , available at www.jneurosci.org as supplemental material). In the first (post-treat 1), animals (n ϭ 8) underwent C8 dorsal root crushes as described above. Three days after the crush lesion (a time when the regenerating DRG axons have not yet approached the DREZ), animals were injected with zymosan (31 g/l) into the C8 DRG (see above). One week later, when the zymosan effect is most dramatic and axons are arriving at the DREZ, animals received ChABC (20 U/ml) injections into the DREZ according to the protocol described above. Animals were examined for regeneration (as described below) 2 weeks after ChABC injection. In the second postlesion treatment plan (post-treat 2), animals (n ϭ 6) underwent C8 dorsal root crush lesions, immediately followed by C8 DRG zymosan (31 g/l) injection, followed 3 d later by simultaneous C8 DRG zymosan (31 g/ l) injection again and ChABC injection (20 U/ml) in the DREZ. Animals were examined for regeneration 2 weeks after the initial lesion as described below.
Examination of regeneration through the DREZ. At predetermined times (supplemental Table 1 , available at www.jneurosci.org as supplemental material) after the initial injury, animals were anesthetized as previously detailed. Aseptically, the midline incision was reopened to expose the C8 DRG. One microliter of dextran-Texas Red (10% in water; 3000 kDa molecular weight; Molecular Probes) was slowly injected into the C8 DRG using a 5 l Hamilton syringe over 10 min. The muscle was closed in layers and the skin with staples. The following day, the animals were killed with an overdose of isofluorane and transcardially perfused with ice-cold 4% PFA. Under magnification, the spinal cord and two roots above and two below C8 were removed. The tissue was postfixed overnight at 4°C in 4% PFA and then cryoprotected in 30% sucrose in PBS for an additional 24 h. Axial 30 m sections were cut on a cryostat. The sections were then examined under the fluorescence microscope for regeneration through the dorsal root and into the spinal cord. A subset of sections was stained for the presence of proteoglycan (CS-56), proteoglycan degradation (anti-2-B-6), and astrocytosis (anti-GFAP; 1:500; Sigma). Appropriate secondary antibodies conjugated to Alexa 594 or 488 were used (1:500; Molecular Probes).
Quantification of regeneration
Three regions of the spinal cords were chosen; these were at the rostral extent of the C8 DREZ (referred to as the midsection), 1020 m rostral to the midsection, and 330 m caudal to the midsection. These distances were determined by assessing the animal with the least amount of regeneration in the zymosan plus ChABC combination treatment group. The rostral and caudal extent of regeneration with respect to the midsection were used as an invariant standard that allowed for unbiased quantitative comparisons to be made between the treatment groups. Images at 10ϫ collected with a digital camera set to a standard exposure time were taken at the three described spinal cord regions in each treatment group by an individual (D.J.S.) who was blinded to the particular treatment each animal had received. Montage images of each section were created, and image thresholds were used to eliminate background noise (Adobe Photoshop). The pixel area in each region above a set threshold was quantified (MetaMorph; Universal Imaging Corporation). Average threshold pixel densities were calculated per region, and, after unblinding, the results from each treatment group were compared using the Student's t test.
H-reflex recording
To test for functional connectivity of regenerated axons, H-reflex recordings were performed. The H-reflex is the electrical representation of the tendon reflex circuit. It is transmitted by large type Ib sensory neurons, assesses both the sensory and motor component of the spinal segment, and is generally considered to be a monosynaptic phenomenon. The H-reflex is obtained by submaximally stimulating a mixed motor sensory nerve, which then produces a muscle contraction (H-wave) with a much greater latency compared with a direct motor response (Thompson et al., 1992) .
Control animals underwent H-reflex testing 2 weeks after C8 dorsal root crush lesions, and combination-treated animals were tested 2 d (n ϭ 3) or 2 weeks (n ϭ 5) after lesion and DREZ ChABC injection (supplemental Table 1 , available at www.jneurosci.org as supplemental material). All animals were anesthetized, and the midline incision was reopened to fully expose the C8 root and DRG. The T1 lamina was removed to expose the T1 nerve root as well. The dura was opened sharply to fully expose the C8 and thoracic level 1 (T1) dorsal roots from the DREZ to their respective DRGs. Two needle electrodes were placed into the right triceps muscle, and a needle was placed into the cervical/paraspinal musculature to serve as a ground. The impendence was checked to verify functioning electrodes. A recording of Ͻ5 ⍀ was considered to be acceptable. A bipolar electrode was next used to stimulate the T1 dorsal root. The intensity of stimulation was increased until muscle contractions were visualized. The intensity was then reduced until contractions were no longer seen but a muscle action potential was recorded on the screen. Two trials of T1 stimulation were recorded for each animal to serve as a control. Next the C8 dorsal root was stimulated at the submotor threshold as determined above immediately distal to the injury site. Two trials of C8 stimulation and recording were performed for each animal. After the recording, the C8 DRG in all animals was microinjected with dextran-Texas Red as described above. The following day, those animals with an absent H-reflex (control, n ϭ 5; combination treated, n ϭ 3, each at 2 d and 2 weeks) were transcardially perfused as detailed above, and the spinal cord was removed one root above and below C8. The cords were postfixed overnight at 4°C in 4% PFA and then cryoprotected in 30% sucrose in PBS for an additional 24 h. Axial 30 m sections were cut on a cryostat. The sections were then examined under fluorescent microscopy for regeneration through the dorsal root and into the spinal cord.
C8 relesion
To verify that the recorded physiology was attributable to regeneration through the C8 dorsal root and not attributable to sprouting of adjacent roots or shunting of current, 1 d after positive H-reflex recording in the remaining two combination-treated animals (at 2 weeks), the C8 dorsal root was again exposed and stimulated with the identical protocol outlined above. After the H-reflex was again elicited, the C8 dorsal root was sectioned completely with microscissors. Stimulation of the distal C8 stump and recording in the triceps muscle was again performed. Loss of the H-reflex was indicative of regeneration through the C8 dorsal root. These animals were then quickly killed for anatomical analysis as described above. All neurophysiologic recordings were printed on standard paper and presented to a blinded neurophysiologist (D.N.) in a random order. The neurophysiologist then graded each tracing as a positive (Hreflex present) or a negative response. The physiologic tracings were subsequently correlated with their respective anatomy.
Growth-associated protein analysis
Five adult female Sprague Dawley rats (275-300 g) underwent hemilaminectomy to expose the right-side C6 -C8 DRG. The ganglia were subsequently injected with zymosan in sterile saline as described above (supplemental Table 1 , available at www.jneurosci.org as supplemental material). Five sterile saline-injected animals served as controls. After 7 d, the rats were killed with isofluorane and perfused transcardially with cold 4% PFA. The spinal cord with attached bilateral C6, C7, and C8 DRG was excised and postfixed at 4°C in 4% PFA for 24 -48 h. The cords were cryoprotected (30% sucrose in PBS) before cryostat sectioning and immunofluorescent staining. Tissue sections were incubated overnight at 4°C in anti-growth-associated protein (GAP-43) (1:3000; kind gift from Dr. L. Benowitz, Harvard University, Boston, MA) diluted in PBS blocking solution (5% normal donkey serum, 0.1% bovine serum albumin, and 0.1% Triton X-100 in 1ϫ PBS) and further prepared and visualized as described above.
Results
Growth-promoting agents do not stimulate neurite crossing of an inhibitory gradient of CSPGs in vitro
We first attempted to promote neurite crossing of the inhibitory rim of the spot assay by incubating DRGs in culture with a variety of compounds that have been shown previously to improve neurite outgrowth on inhibitory substrates. These included the following: general and specific phosphodiesterase inhibitors, IBMX and Rolipram (Nikulina et al., 2004) ; cyclic nucleotide analogs that activate protein kinase A and protein kinase G, db-cAMP and 8-Br-cGMP (Song et al., 1998; Cai et al., 1999) ; two neurotrophins, NGF and NT-3 (Tuszynski, 1999; Gao et al., 2003 , Peng et al., 2003 ; a Rho kinase inhibitor, Y-27632 (Fournier et al., 2003) ; a protein kinase C inhibitor, Gö6976 (Sivasankaran et al., 2004) ; and an inflammatory agent, zymosan, made from a yeast cell wall extract that stimulates a conditioning-lesion effect (Leon et al., 2000; Yin et al., 2003) .
Concentrations of the aforementioned reagents shown by others to be effective in their chosen bioassays were selected. After 5 d of culture, coverslips were fixed, and the number of axons that crossed over the intensely inhibitory outer rim of the spot were quantified. Neurons were visualized with anti-␤-tubulin III and the rim of the spot with CS-56. None of the aforementioned treatments administered in vitro allowed any axons to cross the inhibitory rim (Fig. 1 A) .
Removal of inhibitory glycosaminoglycans from the CSPG gradient enhances neurite crossing
Decreasing proteoglycan-mediated inhibition of the glial scar, in vivo, has been shown to allow a limited number of would-be dystrophic axons to regenerate further into or even around lesions in the brain (Moon et al., 2001) or spinal cord (Bradbury et al., 2002; Grimpe and Silver, 2004) . Interestingly, in our in vitro gradient model in which axonal dystrophy is the typical end result of frustrated axonal regrowth, ChABC treatment alone (n ϭ 11) also permitted only a small, albeit significant ( p Ͻ 0.001), number of fibers to cross (Fig. 1 A) .
In vivo exposure to known stimulators of the intrinsic regeneration potential in DRG axons can enhance neurite crossing in vitro Because in vitro treatment with known stimulators of regeneration or ChABC did not result in especially remarkable crossing of the inhibitory rim, we hypothesized that a previous, relatively long-term manipulation of the DRG in vivo, with the goal of driving a conditioning lesion-like effect to its potential maxi- mum, would be necessary to adequately prime the intrinsic regrowth machinery of the DRG neuron. To do this, we selected several of the most promising strategies that have been shown to be effective in other models of regeneration in vivo and applied them to the DRG in advance of harvesting the cells.
The left L4, L5, and L6 DRGs of adult female Sprague Dawley rats were microinjected with db-cAMP (n ϭ 8), zymosan (n ϭ 8), latex microspheres (an inert particulate; n ϭ 8), or saline (vehicle; n ϭ 8). Another group of animals instead received a sciatic nerve crush-conditioning lesion (n ϭ 8). At 2 or 7 d after injection or nerve crush, DRGs were harvested for cell culture experiments on our spot gradient assay. The untouched contralateral DRGs served as untreated controls. Five days after culture, the coverslips were fixed and assessed for the density of axons that crossed the rim of the spot. Minimal crossing of the rim was seen in those cultures in which DRGs had received saline (n ϭ 11), latex microspheres (n ϭ 11), or no treatment (n ϭ 11) at both 2 and 7 d before harvest (Fig. 1 A, B) . Although not statistically significant, a slightly increased number of crossing fibers was observed after a single intraganglionic injection of db-cAMP (2 and 7 d; n ϭ 11), a conditioning sciatic nerve lesion (2 and 7 d; n ϭ 11), and zymosan pretreatment at the 2 d time point (n ϭ 11) ( Fig. 1 A, B) .
In those DRGs that were exposed to zymosan 7 d before harvest (n ϭ 12), a significantly greater number of fibers traversed the inhibitory rim ( p Ͻ 0.0001) (Fig. 1 A, C) . Statistical analysis revealed that the amount of fiber crossing in the zymosan-alone (7 d) and in ChABC-alone treatment groups was equivalent ( p ϭ 1.0) (Fig. 1 A) . However, when 7 d zymosan in vivo pretreatment was combined with digestion of the spot using ChABC (n ϭ 11), a vastly improved amount of regeneration occurred ( p Ͻ 0.001) (Fig. 1 A, D,E) , suggesting that the two treatments may have acted synergistically.
Zymosan and ChABC treatment results in increased number of satellite glia in culture
Subjectively, it was noted that there were increased numbers of satellite glia and/or Schwann cells present in those DRG cell cultures treated with zymosan as well as those treated with zymosan combined with ChABC. Therefore, the number of satellite glia/ Schwann cells (determined via S-100 immunostaining) was quantified only in the rim region of the spot in zymosan-onlytreated cultures (n ϭ 6), zymosan/ChABC-treated cultures (n ϭ 6), and in untreated controls (n ϭ 6). Analysis of threshold pixel density revealed that the difference in the numbers of supporting glia was statistically significant between controls and those treated with zymosan plus ChABC ( p Ͻ 0.001) (Fig. 2 A) . Whereas satellite/Schwann cell processes were occasionally able to grow over the rim of the spot in cultures receiving zymosan plus ChABC, the majority of regenerating axons crossed the rim at a distance from their nearest glial cell neighbor (Fig. 2 B) .
Microinjection of zymosan results in increased expression of GAP-43 in the sensory root
To determine whether zymosan stimulates the regeneration potential of DRG neurons in vivo without the need for a peripheral crush lesion, DRGs and their attached uninjured roots were examined for expression of GAP-43 after zymosan injection. GAP-43 is critical for proper growth cone motility and is known to be expressed in regenerating axons (Skene et al., 1986) . Cryostat sections from animals 7 d after microinjection of zymosan or saline as well as untreated controls were stained for GAP-43 protein. Untreated control and saline-injected DRGs and their adjoining roots had limited, if any, detectable GAP-43 expression (Fig. 3C) . After zymosan microinjection, a marked enhancement of GAP-43 staining was especially noticeable in bundles of axons within the dorsal roots (Fig. 3 A, B) . GAP-43 staining in the vicinity of the zymosan injection site within the DRG cell bodies was primarily obscured by background labeling because of the rampant inflammatory response (see below).
Microinjection of zymosan results in infiltration of ED-1-positive macrophages into the DRG
Thirty micrometer cryostat sections of DRGs were examined 7 d after microinjection with either saline or zymosan. There were insignificant numbers of ED-1-positive macrophages in control samples. However, by 1 week after zymosan microinjection, a large influx of ED-1-positive macrophages had occurred. Moreover, the location of the macrophages corresponded precisely to the location of the zymosan injection (Fig. 3E-G) . Furthermore, analysis of 7 d zymosan pretreated DRG neurons grown on the spot assay also revealed increased numbers of ED-1-positive macrophages compared with controls, many of which contained ingested zymosan particles (data not shown). Interestingly, no close association between crossing axons and zymosan- Figure 2 . Combination treatment increases the number of satellite glia. A, Quantification of S-100 staining using pixel density. Significantly greater numbers of satellite glia were present after the combinatorial treatment ( p Ͻ 0.001). B, Image demonstrating satellite glia (red) in the vicinity of the rim and the fact that, although there were more glia in general, DRG sensory axons (green) were capable of crossing the inhibitory rim in the absence of close contact with the satellite cells. Scale bar, 50 m.
containing macrophages was noted in culture (data not shown), indicating that any potential stimulatory effects macrophages may have on neurons likely occurs in vivo, before the cells are harvested.
Regeneration across the DREZ in vivo
Because the spot assay contains large numbers of satellite glia and/or Schwann cells in which the sensory fibers initiate and because the fibers encounter increasing amounts of proteoglycan as they extend within the rim, in many respects the organization of cells and matrices in the gradient assay resembles the DREZ after root lesion (Pindzola et al., 1990 ). This assay is therefore useful to screen potential treatment paradigms. After identification of a successful in vitro treatment, we chose to test the efficacy of this combination strategy in promoting regeneration through the DREZ in vivo.
Two weeks after C8 root crush, animals receiving zymosan plus ChABC, zymosan alone, ChABC alone, as well as untreated controls were killed and analyzed for axon regeneration after transganglionic labeling with dextran-Texas Red. No axons were found to have regenerated past the DREZ in untreated animals (n ϭ 20). Many axons simply formed dystrophic endings at the site of the crush, whereas a large majority extended all the way to the DREZ, in which they too formed dystrophic endings (Fig. 4 A) .
In five of eight animals receiving a 7 d zymosan pretreatment, a relatively small but significant ( p Ͻ 0.0001) number of fibers extended across the DREZ and into the spinal cord (Fig. 4 B) . Axons were observed to travel small distances past the DREZ and terminate mainly in the dorsal gray matter (between laminas I and IV). Very few axons penetrated substantially into the dorsal column white matter. In 3 of 12 animals receiving ChABC injection into the DREZ, axons reextended into the spinal cord. In one animal, the axons were quantifiable, and in two animals, the numbers fell below our set threshold for quantification. The majority of these axons ended in the dorsal gray matter with very few observed in the dorsal columns (Fig.  4C ). Anti-2-B-6 labeling for digested CSPGs demonstrated a degradation of proteoglycan in the DREZ, dorsal columns, dorsal horn, and lateral funiculus (Fig. 4C) (see below) . Despite the degradation of inhibitory CSPG at the DREZ, a relatively insignificant number of axons regenerated into the spinal cord. As shown in our culture experiments, it appears that some stimulation of the neuron is also required for highly significant regeneration to occur. To this end, we combined zymosan microinjection into the DRG along with ChABC microinjection into the DREZ.
In contrast to those animals that received only zymosan or ChABC microinjection alone, extremely robust regeneration was demonstrated in 8 of 12 animals receiving zymosan pretreatment plus ChABC. Sensory axons regenerated through the DREZ, well into the spinal cord dorsal horn, and sometimes, but not always (see below), splayed into lush arborizations of terminals (Fig. 5A) . Labeled processes also extended rostrally and caudally within the white matter of the dorsal columns (Fig. 5C ). The quantity of regenerating axons was significantly greater in the combination group compared with all other groups (Fig. 6 ). Anti-2-B-6 labeling confirmed proteoglycan degradation at the site of ChABC injection at the DREZ, dorsal gray matter, dorsal columns, and lateral funiculus (Fig. 5B) .
Additional evidence of regeneration is the presence of unusual trajectories or other oddities of sensory axon reinnervation in the spinal cord. Fibers were observed that had passed through the gray matter and appeared to enter into the ventral white matter (data not shown). Regenerated axons were found that circled around sites of ChABC injection (confirmed with anti-2-B-6 labeling) (Fig. 5B ). Axons were also seen that had twisted on themselves and extended as thick fascicles from the medial aspect of the root and DREZ deep into the dorsal gray (see Fig. 8) . Fascicles like these often ended abruptly without spreading into terminal arbors. Last, regenerating fibers that did enter the dorsal column white matter extended relatively long distances both rostrally and caudally, in stark contrast to the other treatment groups. However, they were labeled over significantly less distance compared with uninjured controls (Fig. 6, inset) .
Physiologic evidence of regeneration
Because regeneration in our single DRG model cannot be evaluated behaviorally, we chose to use a well characterized physiological assessment of the H-reflex (Thompson et al., 1992) . Eight additional animals that had received the combination treatment and five untreated animals underwent physiologic testing and anatomical tracing of C8 root regeneration 2 d or 2 weeks after C8 crush injury. None of the untreated controls (n ϭ 5) demonstrated physiologic or anatomic evidence of regeneration. Three animals in the combination group underwent physiologic testing 2 d after root crush. No animals at 2 d demonstrated an H-reflex at this early time point, nor was there anatomic evidence of axon extension into the spinal cord. Five animals in the combination treatment group underwent physiologic testing 2 weeks after C8 crush injury. Two of these animals demonstrated an H-reflex, with anatomic evidence of axon regeneration into the dorsal horn of the spinal cord (Fig. 7 A, C) . Relesioning the C8 root caused the reflex to disappear (Fig. 7B) . Surprisingly, in one animal lacking evidence of an H-reflex, there was obvious anatomic evidence of regeneration. In this animal, the regenerating fibers were tightly bundled and terminated in the dorsal horn with very simple, nonarborized shapes (Fig. 8) , indicating an absence of mature, functional synapses.
The T1 sensory nerve was stimulated in all animals to serve as a control. The average latency of the normal H-reflex circuit was 5.37 ms, whereas the average amplitude was 17.19 mV. The average latency of the restored H-reflex in the two animals with fiber regeneration was 7.92 ms, whereas the average amplitude was 1.83 mV. The increased latency and decreased amplitude in those nerves that demonstrated functional recovery most likely indicate that, at 2 weeks of regeneration, the dorsal horn had been innervated with less than optimal numbers of axons and/or inadequate numbers of effective synapses had developed. It is possible that sufficient numbers of the rapidly conducting cohort of fibers were lacking as well. In addition to relatively decreased fiber numbers or synapses, there could be a conduction block across the site of injury, reformed synaptic connections on inappropriate interneurons, or a lack of myelin around the regenerating fibers.
Postlesion combination treatment does not promote significant regeneration
Having had success with the 7 d zymosan pretreatment plus ChABC combinatorial strategy, we sought to determine whether treating the DRG after injury would also promote anatomical and functional regeneration of the sensory root. Two different paradigms were examined to determine whether the timing of zymosan and ChABC application influenced whether or not regeneration would occur. In both paradigms, postlesion combination treatments were insufficient to promote regeneration (Figs. 6, 9 ).
Discussion
We have identified an optimal strategy that stimulates adult sensory axon regeneration in vitro across a gradient of increasing proteoglycans and decreasing laminin. The gradient model (Tom et al., 2004a) , unlike sharp-edged assays that result in turning behavior (Snow et al., 1990; Kantor et al., 2004) , causes adult sensory growth cones to form dystrophic end bulbs, the hallmark of regeneration failure (Ramó n y Cajal, 1928). We used this assay, one that may represent a more realistic model of the glial scar, to test a variety of reagents and neuron conditioning strategies that stimulate regeneration in other inhibitory environments. Only two of the many agents tested could foster some regeneration across the most inhospitable region of the gradient. These were ChABC removal of glycosaminoglycans and weeklong zymosan pretreatment of the DRG. When used in combination, the results were remarkable.
The DREZ is a potent barrier to the regeneration of sensory axons (Kliot et al., 1990; Golding et al., 1997 Golding et al., , 1999 . At this point, not only is there a need to overcome the inhibitory extrinsic and intrinsic limitations to regeneration, the fibers must also be induced to leave the highly growth-promoting Schwann cell membranes (Harvey and Plant, 1995; Grimpe et al., 2005) , a surface to which they tend to become "addicted" even when proteoglycan levels at the Schwann cell/astroglial border are reduced (Grimpe et al., 2005) . The use of neurotrophic lures placed in the dorsal horn (Romero et al., 2000 (Romero et al., , 2001 Ramer et al., 2002; McPhail et al., 2005) has shown that increasing NGF or NT-3 levels in the spinal cord endows lesioned sensory fibers with the ability to overcome barriers to regeneration, stimulating substantial, centrally directed regrowth. An important limitation of regeneration-promoting strategies in which high levels of extraneous neurotrophins have been used (Oudega and Hagg, 1999; Bamber et al., 2001; Blesch and Tuszynski, 2003) is that of entrapment or overgrowth of fibers within the vicinity of neurotrophin expression (Romero et al., 2000 (Romero et al., , 2001 .
We report that the combination of zymosan preconditioning of the DRG plus the modification of inhibitory CSPGs within the dorsal horn with ChABC allows for the regeneration of sensory axons through the DREZ, ranging well beyond that which has been documented previously. After escaping from Schwann cells, and in the absence of an oasis of neurotrophins, the zymosan-stimulated sensory fibers appear to be free to elongate using growth cues within the deafferented adult spinal cord (Tom et al., 2004b) . Also, our physiological assessment of the H-reflexrelated circuitry transmitted via C8 neurons showed that the synaptic targeting of the regenerated fibers was precise enough to generate functionally appropriate activity, at least in some animals. Curiously, in some instances in which clearly regenerated fibers were present, there was a lack of apparent terminal arborization and no restoration of reflex activity, at least after 2 weeks. Perhaps synaptogenic factors made during development by immature astroglia are lacking in mature reactive glia within deafferented tissue (Lin et al., 2003; Ullian et al., 2004; Christopherson et al., 2005) , or perhaps optimal levels of neurotrophic support (Romero et al., 2001 ) are lacking in the adult spinal cord. Such factors may need to be provided, but in limited concentrations and perhaps directly within the dendrites of the appropriate postsynaptic neurons themselves to avoid an overly dense reinnervation of the target (Grimpe et al., 2004) . The lengthy regeneration of the centrally projecting processes of sensory fibers in the adult CNS once beyond the DREZ reiterates the result that microtransplanted DRGs are capable of amazingly robust outgrowth in the environment of the lesioned adult CNS once they are beyond the vicinity of the glial scar (Davies et al., 1999; Grimpe et al., 2005) .
It is not only important to discuss when regeneration was promoted but also where and when it was limited. Although others (Moon et al., 2001; Bradbury et al., 2002; Caggiano et al., 2005; Fouad et al., 2005) have documented the therapeutic effects of proteoglycan modification during regeneration, the numbers of fibers reported to project clearly past a cord lesion in vivo have been quite low. It should be stressed that ChABC alone in the DREZ model only allowed for a small amount of regeneration as well. Such limited regeneration may be attributable to the threedimensional arrangement of the various glial cell types at the DREZ, the addition of constraints to regeneration brought about Figure 6 . Quantification of axon regeneration across the DREZ. Spinal cords were analyzed at the DREZ and at set positions rostral to and caudal to the DREZ. No regeneration was identified in the control and postlesion groups. Very minimal regeneration was identified in the ChABC-alone group. Significantly more regeneration was identified in the zymosan-alone group, but the greatest regeneration occurred in the combination treatment group. Each point represents the extent of regeneration in an animal, and the bar graphs represent the mean of regeneration. Inset, Regeneration through the white matter of the dorsal columns was quantified by measuring the extent of dextran-Texas Red labeling. Distances of axonal regeneration in animals receiving the combination therapy were compared with untreated, uninjured rats injected with dextran-Texas Red. In uninjured animals, the dye traveled an average of 6 mm caudal to and 10 mm rostral to the DREZ. In animals treated with the combination of zymosan and ChABC, the average regeneration was 1 mm caudal to and 4 mm rostral to the DREZ. Figure 7 . Combination treatment-induced regeneration resulted in restoration of the H-reflex. A, Two weeks after injury, the combination treatment group animals had a restored H-reflex. B, The next day, the C8 root was severed to verify that the H-reflex identified in A was transmitted directly via the regenerated root. Severing the root resulted in the disappearance of the H-reflex. C, In animals that had a restored H-reflex, regenerating axons with clear evidence of terminal arborizations were subsequently identified in the dorsal horn. Scale bar, 50 m.
by oligodendrocyte derived inhibitors (Schwab, 2004; Bertrand et al., 2005) , as well as an intrinsic lack of growth potential (Wong and Oblinger, 1990) in unconditioned central DRG processes. Thus, ChABC may improve function after CNS injury via its effects on plasticity, in addition to the promotion of frank regeneration (Bradbury et al., 2002) .
Although the effect of a distal conditioning lesion in promoting enhanced sensory root regeneration has been known for several decades (McQuarrie and Grafstein, 1973; Richardson and Issa, 1984) , there has been a renewed interest in this phenomenon since it was shown that peripheral conditioning of the DRG can also foster enhanced regeneration within the dorsal columns (Neumann and Woolf, 1999; Filbin, 2003) . The important observations that inflammation induced within the DRG (Lu and Richardson, 1991) and that cAMP injection into the ganglion can mimic the conditioning effect (Filbin, 2003) provided various means by which to enhance central regeneration without having to sacrifice the sciatic nerve.
Our results emphasize the importance of stimulating the intrinsic growth properties of the sensory neuron, in addition to matrix modification by ChABC, to promote maximal regeneration through the DREZ. This supports the work of others who have used different types of conditioning to foster regeneration in the spinal cord (Qiu et al., 2002; Neumann et al., 2002; Chau et al., 2003; Lu et al., 2004; Nikulina et al., 2004; Pearse et al., 2004) and optic system (Leon et al., 2000; Tropea et al., 2003; Medini et al., 2004) . Also, our results suggest the exciting conclusion that, when a particular form of subchronic inflammation-induced conditioning is present in the DRG in combination with ChABC, the amount of sensory reinnervation of the cord can achieve unprecedented levels.
Although it has been demonstrated that sciatic nerve conditioning or a single injection of cAMP into the DRG can allow for regeneration centrally (Neumann and Woolf, 1999; Neumann et al., 2002; Qiu et al., 2002 Qiu et al., , 2005 , most of the fibers simply project more deeply into the lesion but rarely beyond. It has been suggested that the conditioning effect can be a graded phenomenon (S. Neumann, K. Skinner, and A. I. Busbaum, unpublished observation) and that a more chronic or aggressive form of conditioning may further improve regenerative capacity. Zymosan is a nontoxic but extremely potent inflammatory agent that, when placed within the vitreous chamber adjacent to the retinal ganglion cells, can drive regenerating optic fibers past a crush lesion of the optic nerve (Leon et al., 2000) . Our results suggest that zymosan, when placed in the DRG, can upregulate regenerationpromoting proteins, such as GAP-43, in the central axon even in the absence of a lesion (Chong et al., 1994; Vaudano et al., 1995) . Unfortunately, zymosan cannot be used in the CNS because it induces cyst formation (Fitch et al., 1999) . Although the underlying cellular and molecular mechanisms of zymosan conditioning are unknown, the increased axonal regeneration is not likely attributable to a direct effect on neurons but, rather, an indirect effect possibly also involving the satellite glia mediated via macrophage release of a pro-regenerative protein (Leon et al., 2000) . The Benowitz laboratory has recently identified a 14 kDa protein that may be critical. If the protein can substitute for zymosan, especially in the CNS, then it could prove to be particularly important (Yin et al., 2004) .
Despite its success in the pretreatment paradigm, combining zymosan and ChABC treatments was ineffective in a more clinically relevant, postlesion model. What are the essential intrinsic changes in the sensory neuron that might be occurring with lengthy preconditioning that, with the help of proteoglycan degradation, allow growth cones to readily abandon Schwann cells and reenter the CNS? There is evidence that preconditioned regenerating sensory neurons develop an enhanced capacity for protein synthesis locally within the newly forming axon (Zheng et al., 2001; Brittis et al., 2002; Steward and Schuman, 2003) . It may take considerable time for local synthetic machinery to reach sufficient levels to rapidly stimulate the production of an adequate repertoire of integrin receptors (Condic, 2001; Ekstrom et al., 2003; Irvins et al., 2004) or cytoskeletal elements (Zheng et al., 2001; Han et al., 2004) needed to allow the regenerating growth cone to move quickly from one substrate to another at the DREZ, avoiding turning or becoming dystrophic (Tom et al., 2004a ). If we can elucidate the critical factors for axonal regrowth that are present after protracted conditioning, we may be able to enhance them more efficiently and, with matrix modification via ChABC, promote a more vigorous regeneration response after injury. Representative image of postlesion treatment paradigms demonstrates a lack of regeneration when treatment was delayed until after crush injury. Axons (red) can be identified traveling in the crushed root (arrow) directly to the DREZ (dotted line), in which they fail to enter the spinal cord. Scale bar, 100 m.
